At the GSI Helmholtzzentrum für Schwerionenforschung (GSI) in Darmstadt, Germany, the HElmholtz LInear ACcelerator (HELIAC) is currently under construction. The HELIAC comprises superconducting multigap Crossbar H-mode (SC CH) cavities. The input beam is delivered by an already existing High Charge Injector (HLI). For the further development of the accelerator a detailed knowledge of the input beam parameters to the SC section is necessary. A method for beam reconstruction is incorporated, which provides for longitudinal beam characteristics using measurements with a beam shape monitor and a particle simulation code. This finalizes the investigations on 6D beam parameters, following previous measurements in transversal phase space. The reconstruction of the longitudinal phase portrait is presented.
Introduction
The research for new Super Heavy Elements (SHE) is driven by fusion-evaporation reactions of medium to heavy ions. Coping with extremely small cross-sections a long beam time at high luminosity is crucial for the experiments [1, 2] . As the GSI Universal Linear Accelerator (UNILAC) [7, 3, 4, 5, 6] is going to be upgraded in order to deliver a high intensity beam to the Facility for Antiproton and Ion Research (FAIR) [7, 6] with a short pulse rate, which is opposing to the SHE requirements. Therefore, a dedicated continuous wave (CW) heavy ion linear accelerator (LINAC) is proposed at GSI and Helmholtz Institute Mainz (HIM) [8, 9] under key support of Goethe University Frankfurt (IAP) [10, 11] and in collaboration with Moscow Engineering Physics Institute (MEPhI) and Moscow Institute for Theoretical and Experimental Physics (KI-ITEP) [12, 13] . A CW LINAC is a essential part of different modern accelerator facilities, as for high energy accelerators for the Spallation Neutron Source (SNS) [14] or medium energy applications in isotope generation, material science and boron-neutron capture therapy [15] . Technological progress in superconducting radio frequency (SRF) technologies [16] through advances in SC CW LINAC development is therefore a strong contribution to the whole cavity accelerator development. 
Helmholtz Linear Accelerator
The HELIAC [17] comprises an injector LINAC and a superconducting main LINAC section. A radio frequency quadrupole (RFQ) and an interdigital H-Mode cavity (IH) together with two rebuncher cavities are going to deliver a 1.4 MeV/u heavy ion beam to the SC section. The SC section is composed of four cryomodules with compact SC CH cavities [11] . The main features of this accelerator are a variable output energy (see Table 1 ) and the capability to provide for continuous wave operation, while keeping the momentum spread low. With these design [19, 20, 21] , the linear heavy ion decelerator HITRAP (Heavy Ion TRAP) [22] and the LIGHT (Laser Ion Generation, Handling and Transport) facility for laser acceleration of protons and heavy ions [23] .
Demonstrator Environment
For the measurement campaigns in 2017 and 2018, a demonstrator environment has been set up in order to validate the novel CH design [24, 25] . The existing HLI [26] delivers different heavy ion beams to the demonstrator cavity. As result of the KONUS beam dynamics [27] used for the HLI-IH cavity, a non-linear transformation of the longitudinal bunch shape is envisaged. This is caused by using different RF phases in each acceleration gap instead of applying -30 degree constantly. Two rebunchers, two quadrupole duplets and a quadrupole triplet are available to match the beam to the demonstrator; three beam steerers are operated to align the beam (see Fig. 1 ). Phase probe sensors are used to determine the beam energy with Time Of Flight (TOF) measurements. Secondary Electron EMission grids (SEM-Grid) provide for the beam profile and position. A Feschenko-Monitor [28] was used for investigations for the longitudinal bunch shape [29] . 
Principle of Tomographic Reconstruction
Aim of the reconstruction is to infer the distribution f (x, y) by a set of projections f i (x ). The tomographic reconstruction method is applied in medical diagnostics where it is used for body imaging. A wide range of reconstruction algorithms already exist for clinical purpose, but are mostly formulated using linear mappings between f (x, y) and f i (x ) (see Fig. 2 ), or explicitly use rotation transformations. For accelerator applications, it is generally not possible to rotate the beam. Optical elements in the beam line are used to alter the bunch shape, which in most cases is characterized by a linear transformation. In this case, it is possible to preprocess the data into a sinogram and use this as input for common reconstruction algorithms. But in some cases, the bunch transfer is not linear, therefore it is not useful to use sinograms. Suitable algorithms have to be adapted to this scenarios. The Algebraic Reconstruction Technique (ART) [30] and the Maximum Entropy Tomography Reconstruction (MENT) [31] have been used for longitudinal phase space reconstruction [31, 32] . For the HELIAC, a different approach has been investigated. Rather than using ART or MENT, a Non Negative Least Squares (NNLS) [33] solver is used to reconstruct the longitudinal phase plane. 
Methods
For the reconstruction, different projections must be obtained. Therefore, the two rebunchers were used to provide diverse bunch shapes at the Bunch Shape Monitor (BSM).
Bunch Shape Monitor
For the series of measurements, which were used as input for the reconstruction algorithm, a Feschenko Monitor was mounted behind the demonstrator. The device provides for measurements of the longitudinal bunch shape of heavy ions and offers a high signal to noise ratio and a phase resolution of up to 1 deg. with respect to 108.408 MHz. A detailed description of the Feschenko Monitor is given in [28] .
Reconstruction
For the reconstruction, the relation from the input coordinates at the start of the beam line i.e. at the exit of the HLI to the coordinates at the Feschenko Monitor must be known. The beamline could be described by using the particle tracking code DYNAMION [34] , which allows to monitor individual particles along their trajectory. Disposing a grid as input distribution and tracking it through the beamline, the mapping from HLI to BSM f i ( x in ) could be described for each buncher setting i, as well as the the projection to the longitudinal spatial axis A i (φ, X in ) for a set of input coordinates X in . For a given particle output phase φ, a set of input coordinates x in,i exists: x in,i (φ) is ambiguous. In order to determine the boundaries, which are used for NNLS reconstruction, the back tracking function x in,i (φ) can be used to select the area to reconstruct for. All phases φ where the signal is zero are selected and tracked back for each histogram. Two areas can be distinguished: areas with signal and areas without signal. By summing up these areas of every histogram, an image can be produced, describing the amount of histograms holding signal/no signal:
Furthermore, the mapping A i (φ, X in ) can be expressed in terms of a matrix multiplication A i = B i · X for discrete values f i (φ, p), which are assembled into X. With this discretization, also nonlinear mappings can be expressed in terms of B i , which comes in handy when solving for the input distribution X with given measurements A i . Therefore, all mappings and all measurements can be stacked up into one equation A = B · X. Also, a negative particle count for the input distribution is not considered. Therefore the task can be expressed as Non Negative Least Squares problem: argmin X ||B X − A|| 2 subject to X ≥ 0 (1)
Results

Measurements
The matching line (excluding the rebunchers) was optimized for minimal beam loss for a wide range of rebuncher settings. A set of 100 BSM-measurements has been conducted for an Ar 9+ beam from the HLI. Combinations of different rebuncher voltages (R1,R2) were applied, providing for a transition from defocusing to overfocusing. Exemplary measurements are presented in Fig. 3 . As expected, the beam shape is not elliptic due to the KONUS beam dynamics of the HLI-IH-DTL. This makes the use of an advanced reconstruction technique necessary, which considers a non elliptic shape. Conservative preprocessing was applied to the measurement data. 6 % of the amplitudes were cut to remove unwanted background. The histograms were recentered to their center of mass. In good accordance to the measurements the transmission was assumed to be 100 %.
Reconstruction
As described in the previous section, the back projection of the histograms can be used to determine the area of the bunch in the longitudinal phase space. These limits can be used as constraints of the NNLS solver. Due to the back projection properties, a signal of 0 % can not be achieved by overlapping projections from different "directions". The RMS-emittance of the yellow (100 %) area could be evaluated for RMS = 0.47 keV /u ns. This result is in good agreement with the former HLI simulations, yielding an RMS emittance of 0.347 keV/u ns. The reconstructed emittance could occur slightly increased, because our shape reconstruction does not distinguish between low and high signal strengths. Inside the limits shown in Fig. 4 , the NNLS solver was applied to reconstruct the predefined area on base of the measurements. A complicated shape is revealed (see Fig. 5 ). The full emittance is RMS = 0.7 keV /u ns. A remarkably small spot with high intensity is visible. Verification measurements are scheduled to compare the BSM measurements behind the HLI to the reconstructed bunch shape.
Conclusion
A set of measurements has been carried out, which allows to reconstruct the bunch shape with various solvers. The boundaries for the phase space reconstruction have been found. A reliable algorithm is used to obtain the density distribution inside the assumed limits. With the newly developed method it is possible to determine how the parameters of the HLI affect the longitudinal output beam shape. A second measurement campaign is scheduled, where the BSM is mounted at the HLI exit, which allows to compare the reconstructed beam shape projection with a direct measurement.
